Abstract-Based on a diode coupled silicon carbide field effect transistor (FET) with platinum as catalytic gate material, the influence of dynamic temperature modulation on the selectivity of gas analysis sensors FETs has been investigated. This operating mode, studied intensively for semiconductor gas sensors, has only recently been applied to FETs. A suitable temperature cycle for detection of typical exhaust gases (CO, NO, C 3 H 6 , H 2 , NH 3 ) was developed and combined with appropriate signal processing. The sensor data were evaluated using multivariate statistics, e.g., linear discriminant analysis. Measurements have proven that typical exhaust gases can be discriminated in backgrounds with 0, 10, and 20% oxygen. Furthermore, we are able to quantify the mentioned gases and to determine unknown concentrations based on training data. Very low levels of relative humidity below a few percent influence the sensor response considerably but for higher levels the cross interference of humidity is negligible. In addition, experiments regarding stability and reproducibility were performed.
For instance, in the automotive industry for a continuous monitoring of the emissions from cars a sensor response in the order of milliseconds [1] is necessary; in addition, the sensor has to withstand harsh environments with high temperatures and corrosive atmospheres.
The semiconductor silicon carbide (SiC) is a suitable material for realizing sensors for these kinds of applications. A wide band gap of 3.2 eV in the case of 4H silicon carbide allows operating temperatures up to 700°C for short periods of time without losing its semi-conductive behavior. In addition, the high chemical inertness of SiC allows application in harsh environments. Various different types of SiC based sensors have been suggested in the last years like MOS capacitors [2] and Schottky diodes [3] . The advantages of both types can be combined in a field effect transistor (FET). Using a catalytic gate material like palladium, platinum or iridium the device can be made gas sensitive [4] . Metal insulator silicon carbide field effect transistors (MISiC FET), especially, seem to be suitable candidates for emission control and on board diagnostics (OBD) [5] . Since the introduction of selective catalytic reduction (SCR) of nitrogen oxides (NO x ) by ammonia (NH 3 ) in diesel engines [6] , the detection of either ammonia (NH 3 ) [7] or nitrogen oxides (NO x ) [8] , [9] have received increasing interest. Another possible automotive application of a MISiC FET is as a lambda-sensitive device for enhancing the efficiency of the catalytic converter [10] . For these applications, it was reported that the sensor response time of a MISiC FET is below 100 ms for ammonia exposure (at 300°C) and below 20 ms for hydrogen (at 550°C) which exceeds requirements considerably [1] . The MISiC FET is also commercialized as a sensor system for control of domestic boilers [11] , [12] .
However, measuring and discriminating exhaust gases are still challenging tasks [13] due to similar reactions of the sensor to various gases. In the last years, much effort has been spent on increasing the selectivity of the sensors by finding new materials, material compositions or sensor setups.
The lack of selectivity and poor long time stability are wellknown drawbacks of chemical sensors. In many cases sensor arrays offer better selectivity but lead to increasing costs as well as further reduced stability. For semiconductor (SC) gas sensors it was shown that temperature cycling is a powerful approach for increasing both selectivity and stability of the sensor [14] . The most promising technique is a varying heater voltage covering a broad temperature range [15] . In reviews by Lee et al. [16] and Sears et al. [17] , [18] are given. A varying sensor temperature leads to a unique signature for each gas due to different rates of reaction and sensor response to various gases. Furthermore, a low operating temperature, while achieving high sensitivity for some gases like CO, often causes an incomplete reaction on the sensor surface and thus, an accumulation of incompletely oxidized components which requires periodic heating up to higher temperatures to clean the surface. Finally, the sensitivity can be improved because for each gas there is a specific temperature corresponding to a maximum of the sensor response. The TCO mode makes a more comprehensive signal processing necessary. The obtained multi-dimensional data are usually evaluated by pattern recognition techniques, e.g. by linear discriminant analysis (LDA) [19] . A system based on a single gas sensor (or at most a few) run by dynamic temperature modulation and pattern recognition afterwards is sometimes called a virtual multisensor [20] because it combines advantages from both a single sensor (stability) and a sensor array (selectivity) [14] .
In this paper, dynamic temperature modulation is applied to MISiC FET gas sensors in order to investigate the suitability of the virtual multisensor approach.
II. EXPERIMENTAL

A. Sensor Device
The device used in this work is based on the MOSFET technology with SiC as substrate material. A schematic drawing is shown in Fig. 1a . As can be seen in the figure the gate and source contacts of the device are connected in order to obtain a simple two-terminal device. The transistor is operated at a constant current of 100 µA and the resulting drain/gate to source voltage is defined as the sensor signal. This voltage drop is influenced in the presence of various reducing and oxidizing gases. The response mechanism for hydrogen containing gases is mainly based on formation of polar hydroxide groups on the insulator surface at the metal insulator interface [4] , [21] . Nonhydrogen containing dipole gases like CO and NO may also directly form dipoles or charged species on uncovered patches of the insulator [22] , [23] . The sensors were processed on p-type SiC wafers and divided into single chips holding three sensors (diode-coupled transistors) and one test structure (not used in this project). The chip size is 2.1 by 1.9 mm 2 . The device was designed and fabricated at Linköping University together with ACREO AB, Kista, Sweden [24] . The catalytic gate material is a porous film of platinum which was deposited by sputter-deposition in an argon atmosphere.
The sensor chip is glued together with a Pt-100 temperature sensor on a ceramic heater (Heraeus [25] ) and mounted on a 16-pin holder as shown in Fig. 1b, c. 
B. Temperature Cycle
Our selected temperature cycle (T-cycle) covers a temperature range from 100°C to 330°C which approximately matches the points of maximal sensitivity of the used gases. In applications where the ambient temperature is significantly higher, e.g. directly in the exhaust stream, the temperature range of the T-cycle would have to be adjusted accordingly. The T-cycle presented here is suitable under laboratory conditions and is only used to prove the general suitability of TCO for GasFET sensors.
In order to allow dynamic temperature modulation the operating temperature is set using a PID controller implemented in a microcontroller using the Pt-100 signal as process variable.
The duration of the cycle consisting of a ramp and some steps, is 35.6 s which is due to the thermal time constant of the ceramic heater which is in the order of 4-5 s. Fig. 2 shows the temperature set points (squares) and the resulting, normalized sensor responses to various gas exposures. The overshoot in the dynamic sensor response when reaching the first temperature plateau (i.e. 220°C), is probably caused by the temperature control loop which uses the additional Pt-100 temperature sensors as input signal. Thus, the actual temperature on the sensor surface may differ from the set value.
C. Used Gases
The gases used in this project are typical for automotive or power plant exhausts. Since introducing SCR systems the detection of NH 3 has become of interest and is therefore investigated as well. For almost all the measurements five gases (H 2 , CO, NO, C 3 H 6 and NH 3 ) with four concentrations per gas are applied to the sensor. The flow over the sensor was kept constant at 100 ml/min and the exposure duration of each gas concentration was 1800 s. All measurements presented in this paper were done in nitrogen atmosphere, sometimes with admixture of oxygen and additional water vapor.
III. SIGNAL PROCESSING
The multidimensional data coming from the sensor was evaluated by using pattern recognition tools, e.g. linear discriminant analysis (LDA). As input to the LDA model gas significant features describing the shape [26] of the sensor response have been extracted in seven intervals of the T-cycle (marked in Fig. 2) . In order to make the features more robust towards noise, the sensor response was smoothed using a Savitzky-Golay Convolution filter [27] in a first step. After that, the smoothed sensor data have been normalized by dividing each data point by the cycle mean value to reduce baseline drift and therefore to make the sensor more stable [20] . The normalized dynamic sensor response (one selected cycle per gas) is shown in Fig. 2 .
In addition to the established standard features (like slope and mean value) [20] , the Euclidean norm and the standard deviation were used as gas significant features [28] .
The influence of the advanced signal processing is shown in Fig. 3 by taking the example of discrimination of NH 3 in an atmosphere with 10% oxygen. In (a) the sensor data were normalized (without smoothing) and only the standard features are used for classification. Quantification is possible even though the scatter within the groups is relatively high. If the data are additionally smoothed, the quality of the discrimination can be enhanced (b a linear dependency of the value of the first discriminant function on the concentration is obtained.
IV. RESULTS AND DISCUSSION
In this section, results showing the influence of temperature modulation on the sensor response are given. We start by presenting results of quantitative analysis of the mentioned test gases and continue by investigating the influence of oxygen and humidity on the discrimination. A special focus is set on ammonia detection since its importance for SCR systems. We conclude with some remarks on stability and reproducibility of our suggested approach.
A. Quantitative Analysis
In a first step, quantitative analysis was carried out. This means focusing the LDA on different concentrations of one particular test gas in order to discriminate different concentrations. Fig. 4a shows the resulting two dimensional LDA plot for different concentrations of CO. The groups representing different concentrations are well separated making discrimination possible. It can easily be observed that there is a good correlation between the CO concentration and the first discriminant function (DF1). In order to prove the mentioned correlation between the concentration and the first DF, the centroid of each class is fitted by a first order polynomial (Fig. 4b) obtaining an almost linear behavior. For various applications this result is very interesting because an unknown CO concentration can thus easily be predicted based only on the value of the first DF.
The calculated LDA coefficients were in a second step applied to data obtained in pure nitrogen (i.e. 0 ppm CO). The resulting group is projected in Fig. 4a as well (halfsolid symbols). Even this new class fits into the concentration proportionality of the first four groups as shown in Fig. 4b .
B. Influence of Background Oxygen
In addition to quantitative analysis, i.e. determination of the concentration of one particular gas, separation of the various gases under different conditions was studied. Fig. 5a and b show quasi static sensor reactions of the used sensor towards the mentioned test gases. The expression "quasi static" means that from each T-cycle of the entire measurement only one sampling point (corresponding to a specific temperature) is evaluated. In these figures, temperature levels of 100°C, 220°C and 330°C are shown (compare T-cycle shown in Fig. 2 ). It can be observed that without oxygen in the background (Fig. 5a ) the sensor signal decreases for all investigated gases except for NO. Compared to the sensor response in oxygen atmosphere (Fig. 5b ) the response is much stronger in pure nitrogen. It is interesting to note that the sensor reaction to NH 3 and C 3 H 6 changes its sign when oxygen is present. This can be explained by the sensing mechanism now being dominated by the reaction of the gas with adsorbed oxygen and spill-over effects [4] , [21] . By looking at the results coming from the linear discriminant analysis one can say separation of these typical exhaust gases works pretty well (Fig. 5c, d ) due to the low scatter within the groups and the clearance between the groups. Especially the temperature reaction to hydrogen and ammonia is quite different from the other gases (CO, NO and C 3 H 6 ). Comparing the results in nitrogen to the measurement with 20% oxygen in the background, the distribution of the classes is not affected greatly. Only the group for C 3 H 6 exposure is shifted in the direction of the NH 3 group. All in all, the pattern contained in measurement data and described by the extracted features does not alter significantly with varying oxygen although the absolute values of the sensor response are fairly different.
C. Influence of Water Vapor
Besides the dependence of the sensor signal from the background oxygen concentration the amount of water vapor contained in the gas mixture affects the sensor behavior. Especially for metal oxide sensors the level of humidity is not negligible [29] . It is known that the influence of humidity on the sensing properties of field effect gas sensors is not as strong as for metal oxide gas sensors. It was reported that for MISiC-FETs the influence of water vapor is constant for humidity levels above 2% [4] , [7] while there is strong humidity dependence for MOX sensors over practically the whole range [29] , [30] . However, the influence was studied again due to the fact that the FET gas sensor is now run in TCO. Thus, the sensor was exposed to 750 ppm of H 2 in synthetic air while the level of relative humidity (r.h.) is increased from 0% up to 45% in 5% steps. The resulting LDA plot is given in Fig. 6 . Obviously the main variation is between dry hydrogen (i.e. 0% rel. hum.) and humidified hydrogen. The strong overlap of the groups corresponding to higher levels of humidity (> 20%) indicates that the influence of a changing amount of water vapor is relatively weak and does not influence the behavior much. Most applications, e.g. combustion processes, usually have a higher level of humidity. Our used GasFET combined with signal processing based on pattern recognition is almost insensitive to changes in the amount of water vapor contained in the gas mixture. For applications in dry atmospheres or at very low levels of humidity, i.e. in the critical range for MISiC FET (below 2%), a hierarchical strategy as described in [9] could be used to reduce the influence of the background (e.g. humidity level or oxygen conc.) so that there is no need for additional sensors.
D. Ammonia Measurements
According to the relevance of measuring ammonia in SCR systems, quantitative analysis of NH 3 was investigated more intensively. Thus, the concentration of NH 3 was increased in 25 ppm steps from 50 ppm to 225 ppm. In Fig. 7a the LDA was only trained with three different NH 3 concentrations (50, 125, 200 ppm, marked by solid symbols).
In a second step it was checked if a prediction of unknown concentrations is possible based on this three point calibration. The obtained coefficients from the LDA were used for projecting the unknown concentrations of ammonia (75, 100, 150, 175, 225 ppm). Evidently, the new groups fit perfectly into the training set. This phenomenon is highlighted in Fig. 7b where the value of the first DF is plotted vs. concentration. The centroids of the training groups (marked by stars) are then fitted by a second order polynomial showing an almost linear behavior, similar to Fig. 3c or Fig. 4a . The centroids of the projected groups (evaluation data) are also plotted in Fig. 7b  (marked by solid squares) . Due to the small distance between the projected groups and the fitted curve, one can conclude that it is sufficient to train the system with only a few concentrations while determination of other concentrations is still achievable. Hence, a prediction of unknown concentrations is possible with this approach.
E. Verification of the T-Cycle Approach
Using pattern recognition to evaluate measurement data sometimes leads to wrong results (although they look quite well) due to an over-fitting of the extracted features, for instance due to temperature effects or other side effects while exposing the sensor to gas. In these cases the actual sensor reaction is not reflected by the features.
Another important point is the use of robust, gas sensitive features. Features reflecting absolute signal values e.g. minimum and maximum are usually not appropriate since drift and outliers will be enhanced. In contrast features describing the shape of the sensor signal e.g. slope, mean value or the Euclidean norm of the data point vector are much more stable and should therefore be preferred and hence, making a classification more reliable.
In order to validate the features selected for this work, discrimination of different gases is treated again as shown earlier in Fig. 5d . The obtained LDA coefficients from the discrimination of the different gases (where each group contains only one concentration) are applied to different concentrations of e.g. CO (Fig. 8 solid symbols) . It can be observed that the new groups representing the different concentrations of CO (100, 200 and 80 ppm) are fairly close to the 400 ppm CO group used for calculating the LDA. Thus, the selected features actually represent the characteristics of the gas and not e.g. the absolute sensor signal or other side effects. With this, the use of temperature cycling as a suitable operation mode for MISiC FET is proven.
F. Stability and Reproducibility
When working with chemical sensors there is always the question about stability and reproducibility because these are main drawbacks of many sensors.
In this context the expression "stability" means how the sensor response changes over time. This has been investigated by a long measurement with NH 3 and H 2 exposures at three points in time with 8 hour breaks in between. The measurement protocol is shown in the upper part of Fig 9. The carrier gas is oxygen in nitrogen and the latter is also defined as an additional group, also at three points in time.
Results from an LDA trained to discriminate all nine classes are shown in the lower part of Fig. 9 . Obviously, the different gases are separated by the first discriminant function while the second DF discriminates the different points in time, i.e. reflecting the sensor drift. The groups corresponding to the first gas exposure are separated from the second and third while the groups of the last two exposures show considerable overlap. This can be explained by the fact that the sensor needs some kind of "run-in-time". After that the sensor response is fairly stable.
Reproducibility was checked by repeating measurements with different H 2 concentrations after one week under nearly identical conditions. The original measurement was evaluated by LDA (Fig. 10, open symbols) and the resulting LDA coefficients were applied to the data of the repeat measurement (Fig. 10, half-solid symbols) .
There is a small shift visible between the original groups and the new ones obviously caused by sensor drift. In this case, the shift is homogenous, i.e. all groups are shifted to the right along DF 1 and a recalibration as reported in [31] should be suitable to eliminate this drift.
V. CONCLUSION
The purpose of this paper was to study the potential of dynamic temperature modulation applied to MISiC FET gas sensors. Measurements with typical exhaust gases under laboratory conditions using this approach, originally applied to semiconductor gas sensors, have also shown promising results with a Pt-gate MISiC FET, so that an improvement of selectivity and stability can be achieved.
In a first step a suitable temperature cycle for the detection of exhaust gases (C 3 H 6 , NO, CO and H 2 ), as well as ammonia, was developed and significant features to describe the sensor signal were defined. Linear discriminant analysis (LDA) as a pattern recognition tool turned out to be suitable for evaluation of the measurement data. Both, qualitative analysis for discrimination of individual gases as well as quantitative determination of gas concentrations with prediction of unknown concentrations have been demonstrated. Background oxygen influences the sensor signal considerably but the characteristic pattern can still be used for evaluation. Water vapor contained in the background changes the sensor behavior a lot compared to the reaction under dry conditions. However, humidity levels higher than 20% the amount of water has only a small impact on the sensor response pattern and thus the gas discrimination.
Furthermore, we have shown that different gases can be identified characteristically using the extracted features and small changes of the gas concentration do not prevent the identification of the gases.
